Introduction
There are many kinds of high intensity discharge lamps in the wavelength region from deep ultra violet to mid-infrared. In particular for the UV region, after invention of mercury (Hg) lamp in 1927, the UV light has been widely used in various industrial processes such as lithography for large display panels and printed circuit boards, UV curing, polymerization, and photochemical reactions. Moreover, that is known to be useful for sterilization and medical treatments for incurable skin diseases. However, mercury is known to be a serious toxic element. Recently, European Union enforced the restriction of hazardous substances (RoHS). [1] According to this, all electronic devices using the hazardous substances are facing a technological innovation. In spite of such serious toxicity of mercury, UV light sources using mercury are excepted from the RoHS because there is no alternative material. Thus, for human life free from mercury, development of novel UV lighting devices is indispensable.
Recently, nitride-semiconductor based UV light emitting diodes (LEDs) are attracting strong interest. [2] The LEDs emitting at 365 nm are already in the market. [3] This wavelength matches with the i line of the mercury lamp. The output power already reaches 250 mW. On the other hand, an ultimate short wavelength emission at 210 nm has been demonstrated by using AlN homojunctions. [4] However, the output power is still very weak. In the case of the LEDs, the emission wavelength can be controlled by the optical band gap, and efficient light emission can be obtained by using quantum structures. However, the spectral line width is limited by the thermal carrier distribution, which is generally over ~10 nm. In other words, the line width depends on the injection current, which limits the application. Much narrower spectral width is necessary for photolithography in order to obtain a high resolution and medical applications to avoid unexpected side effects. In particular, it is known that the narrow band UVB phototherapy [5] requires the line width less than 2 nm around 312 nm, which is never realized by using the present light sources without using a narrow band pass filter.
On the other hand, the intra-4f electronic transitions of trivalent rare earth ions show the narrow band luminescence. These are usually used in red and green phosphors in conventional cathode ray tubes and plasma display panels. Furthermore, solid state laser crystals and optical amplifier also use the rare earth elements. The intra-orbital electron transition is insensitive to the environment because of the electro-magnetic shield effects caused by the occupied outer shells. Moreover, the dipole S 7/2 in the 4f orbital. [6] [7] [8] [9] [10] Such intra-4f electron transition is the origin of the extremely narrow band UV emission line used in our device. Moreover, the spectrum is very simple in contrast to that of the mercury lamp, which is considered to be suitable for a low power consumption device. Here, we compare typical features of Gd and Hg. First of all, we take note of the relatively rich resources of Gd. Generally, the mineral resource is given by the crustal abundance. The definition of the crustal abundance is the amount of the atoms against 10 6 of Si. According to various surveys, [11] the crustal abundance of Gd (3.5) is known to be about two orders larger than that of Hg (0.04). This is a great advantage when we use this element. Furthermore, Gd compounds are nontoxic. For example, a Gd compound is widely used in the inspection of magnetic resonance imaging as a contrast agent.
To obtain loss less, efficient UV emission from Gd 3+ ions, a host material with the energy band gap more than about 4 eV is necessary. Several works have reported that AlN is a good host material because of the large band gap of about 6 eV and the isoelectronic centers of Gd replacing Al. [6] [7] [8] [9] [10] The thermal conductivity is quite high as comparable with metals. Also, AlN is known to be a thermally and chemically stable material, and obviously nontoxic. The excitation and energy relaxation in Gd-doped AlN have been investigated by several groups. [6] [7] [8] centers. After relaxing the energy, the emission occurs from the lowest excited state. The spectrum is very sharp and the radiative decay life times are in the ms order. Such electron beam excitation is the best way to excite Gd 3+ ions in the wide band gap AlN. Here, we focus on excitation by field emitted electrons, which is useful for realizing compact devices.
In this work, we have developed field-emission devices (FED) [12] [13] [14] [15] . The important advantage of our device is the narrow band UV emission obtained from the intra-orbital electron transition in Gd 3+ ions. We present and discuss detailed properties of rare-earth nitride Al 1-x Gd x N thin films and performances of the FED.
Growth of AlN, GdN, AND Al 1-x Gd x N thin films and characterizations

Reactive sputtering growth
Al 1-x Gd x N thin films have been grown by using the reactive radio-frequency magnetron sputtering technique. [10, 16] A deposition chamber with three targets is separated from an introduction chamber for the substrate. The back pressure of the growth chamber was less than about 6x10 -6 Pa. We used 6N mixed gas of argon and nitrogen for the reactive growth. The total pressure was 5 Pa, and the partial pressure ratio was even. Metal targets used here are 4N Al and 3N Gd. When we grow Al 1-x Gd x N, we set Gd metal tips on the Al target. The Gd concentration was controlled by changing the number of the tips.
All samples were grown on fused silica substrates. The growth temperature was changed in a range from 200 to 500 o C in order to compare the luminescence properties. The main growth temperature was 500 o C. First we grew a 100-nm AlN buffer layer. After that, a 200-nm Al 1-x Gd x N film was deposited. The growth rates for AlN and GdN are 9 and 22 nm/s, respectively. Figure 1 shows a typical x-ray diffraction spectrum of an AlN film. The crystal structure of AlN is wurtzite, and the a-axis and c-axis lattice constants are a AlN =0.3112 nm and c AlN =0.4982 nm, respectively. [17] The diffraction shows a strong c-axis preferential orientation. The in-plane orientation examined by the x-ray pole figure measurement was random. Therefore, our deposited film is concluded to be a c-axis oriented polycrystal. The x-ray rocking curve in figure 1(b) shows that the orientation distribution is less than 6 degree. Next we compare the crystallographic properties of AlN films grown at different temperatures. X-ray diffraction spectra of these films are shown in figure 2(a). All the films show the c-axis preferential orientation. A high preferential orientation was obtained at 500 o C. The magnified spectra around the (0002) diffraction are displayed in figure 2(b) . The diffraction line width is almost independent of the temperature, which indicates that the stoichiometry is almost independent of the growth temperature. The peak position is found to slightly shift with the temperature. That is considered to be due to the thermal expansion mismatch between AlN and fused silica. The thermal expansion coefficient of AlN is 4.4x10
Properties of AlN films
, [18] which about one order larger than that of fused silica (~6x10 -7 K -1 ) [19] . This thermal expansion mismatch causes a biaxial tensile strain in the AlN film. The higher temperature growth causes a stronger mismatch. The biaxial tensile strain reduces the lattice space along the c axis. Therefore, the observed slight peak shift toward the high angle side is attributed to the temperature dependent thermal expansion mismatch.
The AlN film is transparent in the visible region. The optical band gap was examined by optical reflectance measurements. The measurement was carried out at room temperature. As shown in figure  3 , the derivative reflectance spectrum shows an interference structure vanishing at about 200 nm. Since the AlN band gap is close to 6.16 eV at the room temperature, [20] the crystal quality is considered to be high enough without excess charges generated by defects and crystal interfaces. The optical band gap at room temperature is estimated to be about 1.74 eV (710 nm).
Properties of GdN films
Next, we discuss the crystallographic properties of GdN. The crystal structure of GdN is the rocksalt structure. The lattice space along the c-axis is larger than that of AlN. GdN was deposited on the AlN buffer layer, and the film was capped by AlN again because GdN is very unstable in air. An x-ray diffraction spectrum of the GdN film is shown in figure 4 . The GdN crystal exhibits a preferential growth along the [111] direction according to the c-axis orientation of AlN. The lattice space of GdN along the [111] direction is 0.5772 nm [21] is larger than the c-axis lattice parameter (0.4999 nm) of AlN. Therefore, the diffraction signal appears at the low angle side of the (0002) diffraction signal of AlN. We confirmed the heterointerface between AlN and GdN by using the high resolution scanning electron microscope. The interface was clear and the roughness was estimated to be less than 10 nm. The band gap of GdN was examined by optical absorption measurements at room temperature. The results are shown in figure 5 . The estimated band gap is about 1.74 eV (710 nm), which is close to the calculated direct gap (1.35 eV) at the X point. [22] However, the measured energy was larger than that of the theoretical prediction. That can be considered to be caused by excess carriers generated by crystal defects
Properties of Al 1-x Gd x N films
In this work, we grew Al 1-x Gd x N alloy films with different Gd concentrations. X-ray diffraction spectra of these films are shown in figure 6 . With increasing the GdN mole fraction, the diffraction intensity decreases as well as a very small peak shift (<0.1 o ) toward the low angle side according to effects of changes in the lattice parameter and the thermal expansion mismatch. For the films grown at 500 o C, the maximum GdN mole fraction presenting clear wurtzite-structure diffractions was 6%. When the mole fraction is over 10%, the spectrum has been found to change dramatically, where diffraction signals from a Gd metal phase was observed. [10] The bulk GdN has the rocksalt structure with the larger lattice space. Therefore, the crystal structure of AlN containing a great many Gd atoms becomes unstable, and excess Gd atoms are considered to be separated from the alloy phase.
Extended x-ray absorption fine structure (EXAFS) analysis is a powerful tool to study the detailed local crystallographic structure. The analyzed radial structure function around Gd ions for the roughly estimated dependence linearly interpolating between the theoretical direct band gaps of AlN (6.20 eV) and GdN (1.35 eV). The large band gap shit against the linear dependence is attributed to optical bowing effects. The UV emission level is indicated by a dashdot line. This relationship suggests that the high GdN mole fraction over 25% leads to absorption of the UV luminescence. That limits the maximum Gd concentration avoiding the absorption loss.
Fabrication of UV-FED
In this work, we fabricated FEDs for the UV light source. FED is known to be useful for the next generation high quality display panels. They are using efficient cold electron emitters realizing stable and low-power consumption devices. Here, we used our developed electron emitter based on the carbon nanofiber technology. [13, 15] Figure 9 illustrates the FED structure. [10] The device consists of a cathode electrode, an electron emitter, a thin insulating spacer sheet with 300 μm thickness, an invar alloy grid-type anode electrode, and the Al 1-x Gd x N film deposited on the fused silica substrate. The window area of the grid is 10x8 mm 2 . The FED was operated at room temperature in vacuum. Emitted electrons from the side position are accelerated by the grid electrode and excite the Al 1-x Gd x N film as drawn by white arrows.
The electron emitter used is nanocomposites of carbon nano-fibers (CNFs) dispersed in ethylene propylene diene monomer (EPDM). [15] CNFs with the average diameter of about 100 nm were mixed with EPDM. The nanocomposite sheet is flexible, and many CNFs are sticking out from the surface. [13] The nanocomposite sheet shows a relatively high thermal conductivity of about 0.5W/mK, which is higher than that of EPDM (~0.36 W/mK). [23] Such high thermal conductivity will efficiently diffuse heat during the device operation. On the other hand, whereas EPDM is a good insulator, the electrical resistivity exponentially decreases with increasing the CNF concentration. That indicates the CNFs form electrically conductive networks in the insulating matrix. In this work, we used the nanocomposite with 54.3wt% of CNFs. The electrical resistivity was about 10 Ωcm.
The typical threshold voltage is about 200 V. High electron emission current over 1 μA was obtained in the saturation region which is a characteristic feature of the CNF nanocomposite. [15] This stable saturation region was used for the device operation. It is noted that the nanocomposit emitter stably operates because of the efficient thermal conduction from the CNFs to the host elastomer.
Luminescence properties of UV-FEDs
A typical luminescence spectrum obtained is shown in figure 10 . The device was operated at 1500 V and 100 μA. Al 0.94 Gd 0.06 N was used in this device. The spectrum shows a sharp peak around 315 nm. The inset shows the high resolution spectrum of this peak. The spectrum consists of two signals coming from the lowest 6 P 7/2 and second lowest 6 P 5/2 excited states. The line width is about 1 nm, which is limited by the resolution of our monochromator. The luminescence intensity depends on the GdN mole fraction. The maximum intensity has been obtained for the sample with the mole fraction of 6%. The intensity increases almost linearly with the injection current. We did not observe a clear saturation behavior in our samples because the number of the injected electrons is estimated to be smaller than the Gd concentration. At this moment the output power is still very weak. The emission efficiency is about ten nano W under 1 mA operation. The external quantum efficiency is about 10 -6 %. Next, we discuss about thermal annealing effects. Generally, the thermal annealing is known to be a good way to obtain the ideal environment of doped rare-earth ions. In this work, we carried out 7 minutes annealing at 1000 o C in hydrogen atmosphere. With rising the annealing temperature, the xray diffraction signal shifts toward the high angle side. That indicates the thermal expansion mismatch seems to be increased by the thermal annealing. However, the luminescence characteristics are almost independent of the annealing process. Therefore, the crystal quality of the as-sputtered film is considered to be high enough.
The above mentioned results were focused on the sample grown at 500 o C. In this work, we found a clear growth temperature dependence of the luminescence properties. The growth temperature was changed from 200 to 500 o C. The growth temperature dependence of the luminescence wavelengths of the transitions from the lowest 6 P 7/2 and second lowest 6 P 5/2 excited states to the ground state 8 S 7/2 are summarized in figure 11 . Here, the FED was operated at the same condition of 1500 V and 100 μA. It is noted that the peak positions of these transitions systematically depends on the growth temperature. In particular, the splitting energy is decreased with lowering the growth temperature. The change in the splitting energy can be explained by the different crystal fields varied by the thermal expansion mismatch between the film and the substrate. The higher temperature growth causes a stronger thermal expansion mismatch. Thus, the different biaxial crystal fields lead to the change in the splitting energy. Fig. 10 A typical luminescence spectrum. The device was operated at 1500 V and 100 μA. The film used is Al 0.94 Gd 0.06 N. The inset shows the high resolution spectrum of this peak. The spectrum consists of two signals coming from the lowest 6 P 7/2 and second lowest 6 P 5/2 excited states. The line width is about 1 nm, which is limited by the resolution of our monochromator.
Fig. 12
The growth temperature dependence of the luminescence intensity from the lowest 6 P 7/2 and second lowest 6 P 5/2 excited states to the ground state 8 S 7/2 . Here, the FED was operate at the same condition of 1500 V and 100 μA.
Fig. 11
The growth temperature dependence of the luminescence wavelengths of the transitions from the lowest 6 P 7/2 and second lowest 6 P 5/2 excited states to the ground state 8 S 7/2 . Here, the FED was operate at the same condition of 1500 V and 100μA.
Furthermore, the signal intensity, in particular for the second lowest transition, depends on the splitting energy. The results are shown in figure 12 . Both the luminescence intensities are confirmed to become strong with lowering the temperature; the signal intensity of the second excited state becomes strong exponentially, whereas the lowest transition intensity tends to saturate. That indicates that the population of the excited electrons in the split states determines the spectral structure. Actually, we confirmed that the relative intensity of the second lowest transition increases with increasing the injection current. These results suggest that the emission wavelength can be finely controlled.
Conclusions
We demonstrated mercury-free narrow-band ultraviolet luminescence from field-emission devices with Al 1-x Gd x N thin films. C-axis oriented polycrystalline AlN, GdN and Al 1-x Gd x N thin films were grown on fused silica substrates by using the reactive sputtering technique. The high GdN mole fraction of 6% has been accomplished. We succeeded in fabricating FEDs with the Al 0.94 Gd 0.06 N thin film. A resolution limited, narrow intra-orbital luminescence line from Gd 3+ ions has been observed around 315 nm. The luminescence properties depend on the GdN mole fraction and the growth temperature as well as the current injection condition. Especially, the emission wavelength has been demonstrated to be finely controlled, and the low growth temperature of 200 o C has been found to realize a bright luminescence. At this moment the external quantum efficiency is about 10 improve the output power, we need to investigate effective excitation conditions avoiding electron charge at the film surface and to optimize the film structure.
